We discuss the possible signatures at the Large Hadron Collider in models where R-parity is spontaneously broken. In the context of the minimal gauge theory for R-parity, we investigate signals with multileptons which can provide an unique test of this theory. The possible impact of these ideas for the search of supersymmetry at the Large Hadron Collider is discussed. We also discuss the constraints coming from cosmology due to the existence of two light sterile neutrinos in the theory.
I. INTRODUCTION
Despite the current lack of evidence for supersymmetry, the minimal supersymmetric standard model (MSSM) continues to be an appealing candidate for physics beyond the standard model (BSM) and tops the list of BSM searches for the CMS and ATLAS collaborations at the Large Hadron Collider (LHC). From the experimental searches so far, we have learned the following:
• The colored superpartners of the first and second generation, as well as the gluino, should be heavier than a TeV in order to avoid LHC bounds. Stop and sbottom mass bounds are weaker and therefore might be accessible during early runs of the 14 TeV LHC.
• However, heavy stops and/or large left-right stop mixing are needed to accommodate the measured Higgs mass of around 125 GeV in the MSSM. Alternatively, it is possible to reduce the constraints on the stop sector in extensions of the MSSM through new F-terms, such as in the next to minimal supersymmetric standard model (NMSSM) or new D-terms.
• If R-parity is broken it might be possible to avoid some of the LHC missing energy search bounds.
Furthermore, the fate of R-parity in the MSSM plays a crucial role in the possible discovery of supersymmetry at the LHC. Therefore, it is crucial to understand all of the possible MSSM signatures with and without R-parity violation (RPV). This is an enormous task since the supersymmetric spectrum is not predicted
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in the context of the MSSM and there are many different decay channels leading to different signatures.
In addition, if R-parity is violated, there is no prediction for which of the forty eight R-parity violating parameters in the superpotential are phenomenologically relevant or their relevant sizes.
This latter issue related to RPV is addressed in a model recently proposed by us: the simplest gauge theory for the fate of R-parity [1, 2] . In addition to predicting the spontaneous violation of R-parity, this theory further predicts that the R-parity violating terms must be bilinear and lepton number violating. Furthermore, since these couplings contribute to tree-level neutrino masses, their size is such that they can only affect the decay of the lightest supersymmetric particle (LSP) 1 leaving all other SUSY collider phenomenology unchanged. Therefore, one can say that this theory provides a concrete guide for R-parity violating phenomenology at the LHC. Based on B − L gauge symmetry [2] , this theory predicts the spontaneous breaking of B − L and R-parity at the soft supersymmetry breaking scale and furthermore dictates the presence of two sub-eV sterile neutrinos. See Refs. [3] [4] [5] for a detailed study of this model. See also Refs. [6] [7] [8] [9] [10] [11] for other ideas related to R-parity violation.
In this article we investigate in details the most striking possible signals at the Large Hadron Collider: the lepton number violating signal of four leptons, three of them with the same sign, and four jets at the 7,8 and 14 TeV LHC. These channels result from pair produced charged sleptons (not currently tightly constrained by LHC data) which subsequently decay into neutralinos LSPs and provide an unique smoking gun for lepton number and RPV at the LHC. We further investigate the thermalization of the two light sterile neutrinos through the B − L gauge boson, Z BL in the early universe showing that this model is consistent with the recent Planck results.
This article is organized as follows: In Section II we review the minimal gauge theory for R-parity. In Section III we investigate in detail the leptonic signals from RPV, while in Section IV we discuss the bounds coming from cosmology. Our main results are summarized in Section V.
II. THE THEORY OF R-PARITY
We have shown in Ref. [2] that the simplest theory where one can understand dynamically the origin of RPV corresponds to the minimal supersymmetric B − L theory based on
In this context the matter content is given bŷ
where M 2 for the right-handed sneutrino and left-handed slepton doublet, respectively. Note that the first must be tachyonic for successful symmetry breaking. This has been discussed in the context of radiative symmetry breaking in [12] . Furthermore, the breaking of B − L induces a contribution to the soft scalar masses due to the D-terms:
where Q BL φ is the B − L charge of φ. One can quickly show that the left-handed sleptons receive the most negative contribution to their soft masses and we use this as a motivation to consider their accessibility at the LHC in the later sections.
Due to it's odd R-parity charge, the acquisition of a VEV by the right-handed sneutrino leads to spontaneous RPV which mixes same-spin same-electric charge particles together: neutrinos with neutralinos, charginos with charged leptons, Higgs bosons with sneutrinos and charged Higgs bosons with charged sleptons. Typically, the most important of these is the so-called bilinear term:
The induced left-handed sneutrino VEV also leads to the following bilinear terms:
Since such bilinear terms lead to tree-level neutrino masses, their size is constrained to the level at which they can only affect the decays of the LSP, see Table I for possible decays, leaving all other SUSY collider phenomenology unchanged.
This simple supersymmetric theory predicts that
• R-parity must be broken leading to lepton number violation processes at the LHC.
• The baryon number violating operators are generated at the non-renormalizable level, therefore satisfying the proton decay limits.
• Two sub-eV sterile neutrinos must be present.
• The B −L and R-parity violating scales are defined by the soft masses of the right-handed sneutrinos,
i.e. the soft SUSY scale.
Furthermore, it is important to note that despite the violation of R-parity, an LSP gravitino can live long enough to potentially play the role of dark matter [13, 14] . The phenomenological aspects of this simple theory have been discussed in Ref. [3] . See also Refs. [4, 5] for the properties of the neutrino sector.
III. SIGNATURES AT THE LHC
We have mentioned in the previous section that the minimal supersymmetric B−L theory predicts lepton number violation at the LHC and the relevant couplings are small. Therefore, the production mechanisms for the supersymmetric particles at the LHC are not modified but the LSP is not stable and it's decays via the lepton number violating couplings. In this case we could have the productions of several SM particles together with two LSPs
where Ψ i is a SM particle, and n = 0, 2, 4, 6, ... One example is the scenario where the stop is the LSP and decays as a leptoquark:
In Table I we show the possible LSP scenarios and their main decays, focusing only on light third generation sfermions. As discussed in Ref. [3] , the most exotic signals in this theory correspond to a neutralino LSP. In this case we can produce two charged sleptons through the photon, the Z and the B − L gauge boson:
LSP Scenario Decays
The sleptons subsequently decay asẽ i → e iχ 0 1 and finally the neutralinos decay throughχ 0 1 → e ± j W ∓ . In Ref. [3] , it was shown shown that both of these branching ratios are typically large. Therefore, one can expect a significant number of events with four leptons and two W's. When the Ws decay hadronically, one is left with the unambiguous lepton number violating final states:
where e i = e, µ, τ . The number of events for these channels with multileptons is given by
where L is the integrated luminosity, and C jk is given by
In the next section we investigate the predictions for these channels in different scenarios.
A. Slepton Production at the LHC
In order to analyze the testability of the channels with multi-leptons we need to estimate the cross section using the production mechanism mentioned above and focusing on left-handed sleptons 2 , as motivated above. In Fig. 1 we show the production cross section for left-handed sleptons assuming that the mass of the B − L gauge boson is M Z BL = 3 TeV and the corresponding coupling is g BL = 0.3. In this figure we 2 We use the notationẽi to indicate the i th generation left-handed slepton.
show the numerical results for σ(pp →ẽ 
B. Multi-Lepton Channels
The number of events with four leptons and four jets are estimated in three different scenarios:
TeV and 5 fb −1 in Fig. 2 , √ s = 8 TeV and 20 fb −1 in Fig. 3 and √ s = 14 TeV and 20 fb −1 in Fig. 4 .
The upper panels in each of these figures shows the number of events in the Br(ẽ In general, of course, these figures show that the number of events is maximized for small slepton masses and large branching ratios of slepton into lepton neutralino and neutralino into lepton W . For the 7 TeV run a 300 GeV selectron is already too heavy to be observable while at 14 TeV and 20 fb −1 one can potentially hope to observe sleptons as heavy as 500 GeV. Some simple benchmark scenarios are defined in Table II the resulting leptons have p T high enough to pass selection cuts. As in the Figures, it is assumed that M Z BL = 3 TeV and g BL = 0.3. As the LHC is expected to surpass 80 fb −1 , it is possible that one can probe even beyond 600 GeV charged sleptons. It also important to remember the resonance behavior as the slepton mass approaches half the Z BL mass which would prevent the cross section from dropping rapidly. 
IV. CONSTRAINTS FROM COSMOLOGY
The presence of sub-eV sterile neutrinos predicted by the minimal theory of R-parity have cosmological implications as they contribute to the radiation content of the universe. Such dark radiation is parameterized as the number of effective thermalized neutrino species, N eff , and impacts several cosmological events including nucleosynthesis and the time of matter-radiation equality. These in turn affect the element abun- 
where the three active neutrinos contribute a value of N eff = 3.045.
The contribution of the sterile neutrinos to N eff depends on the degree to which they have been thermalized. Thermalization can take place through two mechanisms: sterile-active oscillations and/or mediation via new gauge bosons, in our case a neutral gauge boson Z BL . The former was first considered in works such as [16, 17] , and more recently in [18, 19] . These later studies have shown that cosmological data is in tension with sterile-active mixings necessary to explain terrestrial neutrino anomalies, unless large lepton asymmetries are assumed. However, it is important to keep in mind though that the sterile neutrinos discussed here have not been introduced to confront the short baseline anomalies but are a consequence of the model. Therefore, it is possible that their mixings with the active neutrinos are quite small (as assumed in the collider study) and therefore these cosmological bounds from sterile-active mixings would not play a role here. Alternatively, one can study this issue in the presence of lepton asymmetries.
Leaving this issue aside, we confront the latter mechanism of sterile neutrino thermalization: mediation via Z BL . An analysis along these lines places bounds on the ratio M Z BL /g BL which can be relevant for the LHC. Such a study has been conducted for several U (1) extensions of the SM gauge group motivated by GUTs [20, 21] and we follow the analysis of the former reference here.
To begin, one must determine the decoupling temperature of the sterile neutrinos, T ν R dec , which occurs when the Hubble parameter overtakes the rate of the reaction which keeps the sterile neutrinos in equilibrium, in this case annihilation into SM particles through Z BL . The rate is calculated as
where
and
Here, g ν R = 2 is the number of right-handed neutrino degrees of freedom for one generation, the exponential factors are the Fermi-Dirac distributions, while s = 2pq (1 − cos θ) is the center of mass energy, v =
(1 − cos θ) is the relative velocity and θ is the relative angle of the colliding sterile neutrinos. The Hubble parameter is given by
where g(T ) is the number of relativistic SM species in thermal equilibrium at temperature T. This can be expressed as
Here g B,F are the number of relativistic degrees of freedom for bosons and fermions in thermal equilibrium,
respectively. The addition of 7/2 to g(T) is the contribution of the two sterile neutrinos predicted by the theory for R-parity. The calculation of g(T ) must be carried out using lattice techniques due to the presence of the QCD phase transition at temperatures around 155 MeV. To this end, the results of [22] 
where g(T These results show that in our model it is possible to have a consistent scenario in agreement with cosmology and collider physics.
V. CONCLUDING REMARKS
In this article we have investigated the most striking signals at the Large Hadron Collider in the context of the simplest gauge theory for R-parity. We have shown the numerical predictions for the pair production of sleptons at the LHC, and the number of events for the channels with four leptons and two jets. Here the existence of three leptons with the same electric charge is a smoking gun coming from the violation of the lepton number and the spontaneous breaking of R-parity.
In order to make sure that our results are in agreement with cosmology, we have investigated in section IV the constraints coming from the effective number of relativistic degree of freedom determined by the The relevant Feynman rules for our study are given by
A: −ie Q q γ µ , (A4)
where s x = sin x, c x = cos x. Here P L , and P R are the left-handed and right-handed projection operators, respectively. Q f is the electric charge of fermion f , and Q BL f is the half the B − L charge of fermion f .
Here, I 3 f is the left-handed isospin of fermion f . From these the differential cross section for slepton production at the LHC can be derived: 
